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A B S T R A C T
A buried layer of damaged material with reduced refractive indices 
can result from implantation of MeV He+ ions into LiNb03. The 
extent and distribution of this damage and the resultant refractive 
index profiles are found to depend on the ion energy, ion dose and 
implant temperature. Typical values of ion energy and dose are 1.5 
MeV and 10l& He+ cm-2 respectively at room temperature, producing a 
change of —1.5% in no* Provided that the small amount of damage 
created in the surface layer is removed by low temperature 
annealing (typically for 30 minutes at 200°C in a flowing oxygen 
atmosphere), this structure is capable of acting as an optical 
waveguide with the light confined in the surface layer.
A prism coupler has been used to excite the individual modes of 
waveguides formed in this way and to determine their propagation 
constants and attenuations. For the values given above, 2 TM 
(ordinary) modes and 1 TE (extraordinary) mode are supported in 
Y-cut, X-propagating material at 633 nm wavelength, with 
fundamental mode attenuations of between -6 and -7 dB cm-1. These 
optical properties are shown to be sensitive to both implantation 
and annealing process parameters and, from the results, it is 
inferred that ordinary mode behaviour is determined solely by ion 
damage effects, but that extraordinary mode behaviour is influenced 
additionally by lithium outdiffusion.
Additional results are presented showing the wavelength dependence 
of the optical properties in the near infra-red region, and further 
conclusions are drawn regarding the distribution and movement of 
the ion damage. It is suggested that both the damage profile and 
feature size may vary with changes in implantation and annealing 
conditions. Finally, suggestions are made regarding the possible 
directions of future work which may lead to practical integrated 
optical devices.
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CHAPTER 1: INTRODUCTION
1.1 Introduction
The development of low-loss optical fibres has led to the 
realisation of optical communication systems with greatly 
enhanced capacity in comparison to those relying on more 
conventional transmission media [1.1]. However, much if 
not all of the signal processing is still performed 
electronically, following detection and conversion of the 
optical signal, thus limiting system performance. The 
objective of the infant technology known as "integrated 
optics" is therefore to develop devices capable of 
performing many of the operations required in signal 
processing without the need to convert the optical signal 
to an electronic one [1.2].
Integrated optics itself divides naturally into two parts 
dependent on the material used: semiconductors axe employed 
where active devices (involving amplification) axe 
required, and ferroelectrics are used for passive devices 
(modulation). Considerable work has been carried out, and 
indeed is continuing, in both of these areas, although at 
present the latter group is nearest to production standard 
devices, mostly based on the ferroelectric material lithium 
niobate (LiNb03) [1.3].
Nevertheless, significant problems still exist with current 
lithium niobate optical waveguide technology and, in an 
attempt to solve some of these, this work reports on 
investigation of an alternative waveguide fabrication 
technique involving the use of ion implantation. Although 
some work has already been done to investigate the effects 
of ion damage on the refractive indices of LiNbC>3, little 
attention has so far been paid to the variation of the 
waveguide optical properties with fabrication process 
parameters [1.4], This is the gap that this work sets out 
to fill.
The thesis divides naturally into four parts, the first of 
which, following this introduction, reviews work in related 
areas which forms the background to the main body of this 
thesis and puts it into perspective in the overall field of 
integrated optics. Chapters 2, 3 and 4 constitute the
second part in which the experimental and theoretical 
techniques used to obtain and analyse the results are 
described. Where a technique is well known in the 
literature, only the final result is given together with a 
reference to where the derivation or development is 
described. However, for some of the special applications 
of this work it was often necessary to develop techniques 
further or adapt them in some way, and in such cases a more 
detailed description is given.
In the third part, Chapters 5, 6, 7 and 8, the results of 
the experimental work are presented and, where applicable, 
use is made of the theoretical models described in Chapter 
2 in their analysis and discussion. Considerable thought 
was given to the choice of experiments to be performed, the 
final decision tending to evolve as earlier results and new 
equipment became available. An example of the former is 
the use of TM (ordinary mode) polarisation in Chapter 7 in 
order to avoid the influence of lithium outdiffusion in the 
study of the annealing behaviour. In the latter case, the 
investigation of the effect of implant temperature in 
Chapter 8 was only possible once a sample stage with 
controllable temperature had been commissioned.
The final part consists of a discussion section, in which 
the experimental results of previous chapters are drawn 
together in a coherent whole, a number of suggestions for 
future study arising from the current work, and the 
conclusion.
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1.2 Introduction to Integrated Optics
Since the term 'integrated optics' was coined in 1969 [1.5] 
there has been an extensive range of work in the field 
demonstrating many of the potential advantages offered by 
this technology in the areas of optical communications and 
signal processing [1.6]. As they are fundamental to any 
integrated optical circuit, a large proportion of this work 
has been concerned with the fabrication of low-loss optical 
waveguides using a variety of materials and technologies.
The two most promising groups of materials are the III-V 
semiconductors, pre-eminent amongst which are GaAs and its 
ternary (GaAlAs) and quaternary (GalnAsP) compounds [1.7, 
1.8], and the ferroelectrics, particularly lithium niobate 
(LiNbC>3) and lithium tantalate (LiTaC>3) [1.9, 1.10]. True 
integration, including both sources and detectors on a 
single substrate, necessitates the use of semiconductors 
and much of the early work with GaAs and GaAlAs was 
directed towards the development of the sources themselves, 
particularly lasers and light emitting diodes (LEDs)
[1.11]. Later work involved GalnAsP with the objective of 
increasing the emitted wavelength from the 850nm of the 
GaAlAs devices to 1300nm and 1550mn as these wavelengths 
correspond to low-loss windows in modern silica fibres
[1.12]. Less successful as yet have been attempts to 
realise high performance in other integrated optic 
functions such as guiding, modulation and switching in 
semiconductor substrates, although the goal of full 
monolithic integration is currently giving considerable 
impetus to work in this area [1.13, 1.14]. The hybrid 
integrated optical circuit has therefore continued to 
evolve in which semiconductor sources and detectors are 
coupled to ferroelectric modulators, switches etc. [1.15, 
1.16].
The principal material in the ferroelectric group is LiNbC>3 
[1.17] which, because of its strong electrooptic and 
acoustooptic properties, is particularly suitable for the 
realisation of optical signal processing devices [1.16],
3
Pure LiNbC>3 is a water clear, uniaxial crystal and is 
transparent from about 0.35/un to about 5jim, with variations 
in composition mainly affecting the extraordinary index 
(ne). A summary of the principal properties of this 
material is contained in Table 1.1. A number of 
applications, other than integrated optics, have also been 
found for LiNbC>3 including surface acoustic wave (SAW) 
devices, second harmonic generation (SHG), and optical 
storage using the photorefractive effect. The
susceptibility of LiNb03 to optical damage has, however, 
restricted its range of applications. Further information 
regarding the materials aspects of IiiNb03 is contained in 
reference [1.17]. Other ferroelectrics, such as LiTa03 
[1.10], are also of interest but have not received as much 
attention with the result that their technology is not so 
advanced.
Chemical formula 
Molecular weight 
Crystal structure 
Density (25°C)
Curie point 
Melting point
Refractive indices (633nm) no
ne
Electrooptic coefficients r33
r13 
r22 
r51
Table 1.1: A summary of the properties of lithium
niobate based on reference [1.17].
IiiNb03
147.85
Perovskite family 
4.64 g cm-3 
1200°C 
1260°C 
2.29 
2.20 
30.8 pm V-1 
8.6 pm V-l 
3.4 pm V~1 
28 pm
Of the early fabrication processes for LiNb03 optical 
waveguides, the most significant employed thermal diffusion 
to form a surface layer with a higher refractive index than 
the substrate: a requirement for guided wave propagation.
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These included both indiffusion of impurity ions 
(principally titanium) [1.18] and outdiffusion of substrate 
ions (principally lithium) [1.19]. Although such methods 
have been . used to form waveguides with acceptable 
properties [1.9] the refractive index of the surface layer 
exhibits only a small increase, typically less than 1% 
[1.20], with a refractive index profile limited by the 
diffusion process [1.21]. Nevertheless, this work has 
stimulated the development of complex integrated optical 
devices, including switches [1.22], modulators [1.16], 
analogue-to-digital converters [1.23] and spectrum 
analysers [1.24], predominantly using titanium indiffused 
waveguides and, in parallel, the development of theoretical 
models for these waveguides and devices [1.25, 1.26]. More 
recently low-loss LiNb03 waveguides have been fabricated by 
the technique of proton ion exchange, either alone [1.27] 
or combined with titanium indiffusion in the so called TIPE 
process [1.28].
Other materials have been used for waveguides: In
particular, Dutta et al [1.29] achieved extremely low 
values of attenuation in waveguides formed by sputtering 
Corning 7059 glass onto thermally-oxidised silica 
substrates and using surface coating and laser annealing as 
part of the fabrication process. However, the lack of 
either electrooptic or semiconductor properties limits the 
applicability of such waveguides.
The first use of ion implantation to form optical 
waveguides was in 1968 when silica glass was bombarded with 
protons [1.30]. However, it was some six years later 
before this technique was applied to LiNb03 [1.31].
5
1.3 Radiation damage effects in IdNb03
In 1974 it was reported [1.31] that when LiNb03 is 
implanted with energetic ions a negative refractive index 
change is observed. The technique employed by Wei et al 
[1.31] involved shielding part of the sample and 
irradiating the whole sample with Ar+ ions at 60 keV with a 
dose of typically 1016 ions cm“2# Consequently, the 
implanted region formed a surface layer, the refractive 
index of which was compared to that of the unimplanted area 
by the Abeles method [1.32]. A  reduction of -10±3% in the 
refractive index of the implanted region was observed, the 
errors being predominantly due to scattering. By 
successively etching away the implanted layer and repeating 
the measurement at each level it was found that the 
refractive index retained its value to a depth of 
approximately 140nm and then changed abruptly to that of 
the substrate. It was suggested that the refractive index 
change was due to radiation damage, caused by the implanted 
ions and resulting in a change of the crystal structure 
towards an amorphous state.
Later work by Karge et al [1.33] employed N+, 0+ and Ne+ 
ions which were implanted at 150, 170 and 240 keV
respectively into Y-cut [1.34] LiNb03 with doses in the 
range from lO3-4 to 5 x 1016 ions cm“2. The depth profile 
of the refractive index was then calculated from the 
variation of the optical reflectivity over the wavelength 
range from 0.4 to 1.1/im. Their results for 0+ ions at 
170keV are shown in Fig. 1.1 with similar curves being 
obtained for N+ and Ne+ ions. Consequently they were able 
to show that the reduction in refractive index is 
independent of ion species and increased with dose to a 
saturation level of -7.2 ± 0.7% for the ordinary index. 
Results obtained for the extraordinary index indicate a 
change of -4.8 ± 0.7% at saturation [1.33].
Rutherford backscattering (RBS) [1.35] measurements using
1.4 MeV He+ ions were used by Karge et al [1.33] to 
determine the depth profiles of disordered Nb atoms within
6
LiNbO, : O f 170keVj
0.15
0.10
c
i
0.05
J*
/on dose
Fig. 1.1s Variation of refractive index change with ion 
dose for 0+ implanted LlKb03. (After Karge 
et al [1.33]).
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the LiNb03 lattice as a function of dose (Fig. 1.2). Their 
measurements of the variation of the volume dilation of the 
material with ion dose (Fig. 1.3) were obtained using a 
Talystep. Because of the independence of the refractive 
index change to ion species and the similar dose dependence 
of both the disordered Nb atom depth profile and the volume 
dilation curve, they deduced that the refractive index 
change was a result of the radiation damage to the crystal 
structure of LiNbC>3 producing an almost amorphous state at 
saturation.
These results of Karge et al [1.33] are in close agreement 
with those of Destefanis et al [1.36] who reported a 
reduction in the ordinary refractive index of -7±1% at 
saturation using He+, B+, N+ and Ne+ ions. In addition 
they were able to show that the factor determining the 
refractive index change is the energy deposited in nuclear 
collisions between the incident ions and the atoms in the 
lattice [1.37] (Fig. 1.4). Other workers [1.38] have also 
reported decreases in the refractive index following 
implantation, but did not use high enough doses to reach 
saturation.
Based on these results, Gotz and Karge [1.39] have 
suggested that the mechanism leading to the refractive 
index change can be divided into two parts: for small doses 
up to approximately 30% of the saturation value, the 
refractive index change is due to a defect induced 
reduction in the electronic polarisation of the 02- ions 
[1.40, 1.41]; at higher doses the major contribution to the 
refractive index change is brought about by the reduced 
density of the LiNb03 caused by volume dilation. They also 
note that even at ’saturation* the birefrigence still 
retains 60% of its maximum value showing that it is not 
possible to totally amorphise LiNb03 by ion implantation.
8
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Fig. 1.3: Volume dilation of ion implanted ItiNb03 as a
function of ion dose. (After Karge et al 
[1.33]).
10
T=300KAN,
o.oi
KeV cm'
Fig. 1.4s Variation of refractive index change as a 
function of deposited nuclear collision 
energy. (After Destefanis et al [1.37]).
1.4 Ion implanted optical waveguides in IdNb03
Following the discovery that the refractive index of LiNb03 
can be reduced by ion implantation, it was realised that 
this effect could be used to produce a waveguide. In 
contrast to thermal diffusion techniques where the 
refractive index of the surface layer is raised, the 
damaged layer formed by ion implantation has a lower 
refractive index. Therefore, for waveguiding to occur, 
this implanted layer must • be buried below an undamaged 
surface layer whose width is determined by the ion energy, 
and where the refractive index change in the damaged layer 
is determined by the ion dose.
The implanted layer may be buried if the incident ions have 
high enough energy because the radiation damage effects are 
caused principally by large angle nuclear scattering which 
dominates the energy loss mechanism towards the end of the 
ion path. This is because, at the lower speeds at which 
the ion is then travelling, the repulsive Coulomb force 
between nuclei acts on the ion for a longer time as it 
passes each lattice atom. Hence larger deflections occur 
for a given separation between a lattice atom and the ion 
path. At the high velocities with which the ion passes 
through the surface layer, ionisation losses dominate and 
cause only minor crystal damage in the form of point 
defects [1.42]. To realise the waveguide structure in 
which the damaged, lower refractive index region forms the 
'wall* below the guiding layer, a highly energetic ion with 
low mass is required. This has led several workers [1.36, 
1.39, 1.43] to choose He+ ions with energies greater than 1 
MeV.
Although little damage is produced as the ions pass through 
the surface layer, there is sufficient to cause significant 
attenuation of the guided wave. Consequently, this damage 
must be removed in order to produce a low-loss waveguide. 
This can be achieved by thermal annealing, an extensive 
study of which has been reported by Destefanis et al 
[1.37]. It was found that annealing at approximately 200°C
12
removed the damage caused by ionisation losses in the 
guiding region without significantly reducing the 
refractive index change in the buried layer. Although 
Destefanis et al used anneal, times of one hour, King et al
[1.43] found that 30 minutes was sufficient. In both cases 
annealing was carried out in an oxygen atmosphere.
Several workers [1.37, 1.39, J..43] have reported the
successful fabrication of a number of planar waveguides by 
implanting He+ ions into LiNb03 (Fig. 1.5) at energies in 
the range 0.8 to 2.0 MeV and doses between 1015 and 2xl016 
ions cm-2, the higher doses being sufficient to produce 
saturation of the refractive index change in the damaged 
region. In all cases it was observed that optical 
attenuation was reduced by annealing at 200°C.
The depths of the waveguides produced were sufficient to 
allow the propagation of more than one mode at 633nm 
wavelength. The mode structure was determined by coupling 
laser light into the guide via a prism coupler [1.44] and 
measuring the angle of incidence for which light could be 
decoupled from the waveguide by a second prism. King et al
[1.43] and Gotz et al [1.39] also measured the guide 
attenuation, the latter finding that an optimum implant 
energy exists to achieve minimum attenuation. This was 
explained in terms of the thickness of the damaged layer 
which increases with ion energy, thus reducing leakage into 
the substrate at higher energies. The possibility of using 
multiple implants to achieve this result has also been 
suggested and indeed King et al [1.43] achieved their 
lowest attenuation of 0.7dB/cm with three implants at 
energies of 1.6, 1.8 and 2.0 MeV (Fig. 1.6).
For the experiments described above, planar waveguides were 
used which had the structure shown in Fig. 1.5. The whole 
sample was implanted uniformly with ions whose energy 
determines the depth of the damaged layer, the latter 
defining the lower boundary of the waveguide. The 
waveguide depth together with the difference in refractive 
index between the guiding region and the damaged layer.
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Fig. 1.
—Waveguiding layer 
Refractive index *  n
Isolation layer width
— Implanted region 
Refractive index = n -A n
Substrate
Refractive index *  n
Waveguide structure formed by ion 
implantation in LiNbC>3. (After King et al
[1.43]).
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Fig. 1.6: Attenuation as a function of guide length for
a lithium niobate sample inplanted at
energies of 1.6, 1.8 and 2.0 MeV He+. (After
King et al [1.43]).
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which is principally determined by the ion dose, determine 
the waveguide properties. Many applications, however, 
require stripe waveguides. Although these have received 
less attention so far, various methods of fabrication have 
been suggested [1.39, 1.45]. An attempt to solve this 
problem was reported by Destefanis et al [1.37]. A series 
of stripe waveguides was formed by photolithographically 
etching a series of 1500ft deep grooves into the surface of 
a planar waveguide (Fig. 1.7). Electrodes, deposited in 
these grooves, were then used to modulate the phase of the 
light propagating in the guides. Although such an 
electrode arrangement does not fully utilize the
electrooptic coefficient of the guiding layer, it was 
possible to show that the implantation had not destroyed 
the electrooptic properties of the material [1.37].
It is therefore apparent from this review that although 
considerable work has been applied to the evaluation of the 
damage induced refractive index change, much remains to be 
done regarding the optical characterisation of the 
waveguides themselves, particularly in terms of the 
fabrication process parameters.
16
Fig.
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1.7: Structure of a planar waveguide with ion beam
etched grooves containing electrodes to form 
a stripe waveguide modulator. (After
Destefanis et al [1.37]).
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CHAPTER 2: THEORY
2.1 Introduction
The theory required for the discussion and analysis of the 
experimental results, divides naturally into two parts: that 
required for modelling the waveguide itself is discussed in 
sections 2.2 and 2.3; and that related to the coupling of 
light into the waveguide using a prism coupler which is 
discussed in sections 2.4 and 2.5. In each section 
representative results are plotted for comparison with 
experiment.
Two waveguide models are used: the ray model of the step
index waveguide (sec. 2.2) was chosen because of its 
relative simplicity; and the more complex model of Shail et 
al [2.1] (sec. 2.3) which was chosen because of its ability 
to model a variety of graded refractive index profiles 
including the slowly changing profiles produced by Ti 
indiffusion [2.2] and Li outdiffusion [2.3], and the 
steeper gradients of ion implanted and ion exchanged 
waveguides [2.4]. It is therefore more versatile than the 
commonly used WKB method [2.5] which is unreliable in 
regions with steep gradients.
2.2 Hie Planar Step-Index Waveguide
The planar step-index dielectric waveguide consists of 
three regions: the cover, film and substrate whose
refractive indices nC/ nf and ns are chosen such that 
nf > ns > nc (Fig. 2.1). This structure can be analysed 
conveniently by the ray optical method [2.6, 2.7] and
yields a comparatively simple eigenvalue equation for the 
propagating modes:
kn_h cos© — (4» 4- «j> ) = mrr .. .(2.1)
18
cover nc
su b stra te  n
Fig. 2.1: Structure of a planar step-index waveguide
showing a typical refractive index profile.
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Here k = 2n/X where A is the free space wavelength, nf is 
the refractive index of the film of height h (Fig. 2.1), ©m 
is the mode angle of the mth order mode, and <}>s, <J)C are the 
phase changes on total reflection from the filn\/substrate, 
film/cover boundaries respectively. <t>s and 4>c are derived 
from equation (2.2) in which ns,c is the refractive index
tan( Vc> - < (nf2 sin\  " . . .(2.2)
2 1/2, . 
n ) /n^cos© s,c ' f m
of the substrate or cover as appropriate, and j is a 
polarisation dependent parameter equal to O for TE and 1 
for TM polarisation [2.8].
The transcendental nature of the "transverse resonance" 
equation (2.1) precludes the possibility of an analytical 
solution for ©m: numerical methods are therefore required. 
Thus, a computer algorithm based on the Newton-Raphson 
method [2.9] has been used to generate Fig. 2.2, from which 
it can be seen that the number of modes supported by a 
waveguide increases with both film height and refractive 
index difference between film and substrate. Values of ©m 
are typically in the range 70° < ©m < 90°.
2.3 !Rie planar graded index waveguide
At the film/substrate boundary of a step-index waveguide 
the gradient of the refractive index profile is infinite. 
However, this is not generally the case in practice where 
the refractive index profile is determined by the 
particular waveguide fabrication process used. In order to 
obtain the eigenvalue equation for the propagating modes of 
a waveguide with general refractive index profile a more 
complex analysis is required based on the solution of 
Maxwell's equations.
20
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u
2
0
An / %
Fig. 2.2: Graph showing the film height at which a
given mode becomes cut off (he) against the 
refractive index difference between film and 
substrate (An = (nf — ns)/nf) for nf = 2.29, 
nc = 1.00, \ = 0.6328/m, TM polarisation. TE 
polarisation gives similar results.
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Such a model has been developed by Shall et al [2.1] with 
the aim of applying it to the type of profile produced by 
He+ implantation in LiNb03. This profile can be modelled 
by:
x<0
...(2.3)
0<x<h 
x>h
where the waveguide is in the yz plane (Fig. 2.3). The 
parameter 6 determines the width of the "boundary layer" in 
which the guiding layer index (n) falls rapidly from ni to 
that of the damaged layer (n2). Other fabrication 
processes, such as titanium indiffusion into LiNbC>3, can 
also be modelled by replacing equation (2.3) with the 
appropriate refractive index profile.
Table 2.1 shows the effect of varying 6 on the number of 
propagating modes and their propagation constants for a 
typical waveguide. Comparison is also made to the 
step-index model, for which nf = ni and ns = n2, showing 
that as 6 - 0 the results produced by the two models 
converge. The more general model also enables the 
prediction of modal field profiles in the waveguide, 
examples of which are shown in Fig. 2.4 from which the 
effect of 8 in concentrating the field near the surface of 
the guiding region can be seen.
n = 1
2 2 2 -h/8 2
n = [(n^-n^ e n/°) + (n2 -
2. (x-h)/6.... -h/6.
nx )e ]/(1-e )
n = n.
cz
Fig.
t_________i______ i------- 1------- 1------1
- 1 0 1 2 3 k 5
x / jjm
2.3: Examples of refractive index profiles based
on equation (2.3).
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Fig. 2.4s Normalised transverse field profiles for the 
refractive index profiles of Fig. 2.3: TM
modes, ni = 2.29, nz = 2.2671, X = 0.6328/zm; 
a) 6 « 0.4/im, b) 6 = 1.0/im.
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8=1.0 8=0.4 07 II o H 6=0.04 stepIndex
Mode No. 
m
2.2862 2.2882 2.2888 2.2888 2.2888 0
2.2803 2.2836 2.2850 2.2852 2.2853 1
2.2732 2.2768 2.2790 2.2794 2.2796 2
2.2688 2.2710 2.2715 2.2718 3
Table 2.1: Values of TM mode propagation constant for
various values of 6 and step-index profiles, 
ni = 2.29, n2 =2.2671, A = 0.6328/zm, 
h = 4.0|im.
2.4 General Relation Between Coupling Angle and Mode Angle
Equation (4.1) relates the coupling angle i to the mode 
angle %  of a prism coupled system in the ideal case where 
the rays in the waveguide, prism and air are coplanar and 
the optic axes of the LiNb03 and rutile are perpendicular 
to this plane (Fig. 4.1). In considering effects such as 
in-plane scattering and the resultant m-line, or the effect 
of a small misalignment of the coupling prism relative to 
the waveguide, a more general relation is required.
In order to derive this it is convenient to define a series 
of coordinate systems as in Fig. 2.5. The optic axis of 
the LiNb03 waveguide is assumed to be aligned with the z 
axis, and that of the rutile prism is aligned with the z* 
axis. The waveguide is in the xz plane, as is the bottom 
face of the prism, and the prism front face is in the y"z" 
plane. A is the prism angle and p is the angle by which 
the prism is misaligned.
25
Fig. 2.5: Coordinate system used in text.
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Let the ray direction, in the waveguide be the direction of 
the vector Bw( rW'©W'<tv) v^ iere ©w corresponds to the mode 
angle and <}>w to the in-plane scattering angle for an 
x-propagating waveguide. In anisotropic media, such as 
LiNb03, the directions of the ray and the wave normal are 
not necessarily coincident, and to determine the direction 
of the wave normal it is necessary to consider the wave 
velocity surface w(x,y,z) [2.10-13]. rw is then chosen 
such that is a vector from the origin to a point on the 
wave velocity surface. A unit vector in the direction of 
the wave normal is [2.14]
For the ordinary wave, which for Y-cut, X-propagating 
LiNb03 corresponds to TM polarisation, the wave velocity 
surface is spherical and ^  is in the same direction as Bw» 
However, for the extraordinary wave (TE polarisation) 
w(x,y,z) is an ellipsoid and the ray and wave normal are 
not generally collinear.
Similarly, let the ray direction in the prism be 
Bp(rp,0p,<j>p) which again is a vector ending on the wave 
velocity surface of the prism. This surface is most easily 
written in the x'y'z* coordinate system and then multiplied 
by a suitable rotation matrix [2.15] to give w*(x,y,z ). 
The wave normal direction in the prism is then
For coupling to occur across the interface the phase-match 
condition which must be satisfied is
Ww = W I Y w l (2.4)
wP = yw/iyw' i (2.5)
nw Ww(x) = np Wp(x) (2.6 )
%  Vtf(z) = np tfp(z)
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where ity = l/rw and np = 1/rp. Thus the components of the 
propagation constants parallel to the interface (x and z) 
are equal in both media. For isotropic media (2.6) reduces 
to Snell's Law.
A similar approach can be taken at the prism/air interface 
where, due to the isotropic nature of air, some 
simplifications are possible because the wave normal always 
coincides with the ray direction. However, as the 
phase-match condition relates the components parallel to 
the interface, transformation to the x"y”z” coordinate 
system is required and the relevant components are y" and 
z”. Hence
np Wp(y" ) - Wa(y")
...(2.7)
np Sp(z") = »a(z")
A A
where Wa is the wave normal direction in air. As tya ~ 
Ba(*"a,0a,4>a), where Ba is the ray direction in air and ra 
= l, the coupling direction is therefore determined.
This algorithm can be used to predict m-line shapes if the 
in-plane scattering angle (J>v/ is varied for a given mode 
angle. Such calculations are most conveniently performed 
by computer and a typical result is shown in Fig. 2.6 where 
the m-line is projected onto a screen perpendicular to the 
x axis for the range -5.0° < ^  < 5.0°.
Misalignment of the coupling prism (Ipi>0) distorts the 
m-line and hence alters the value of 0a at 4>a = 0. 
Experimentally the coupling angle i, which is related to 
©aC^a^O/P^0) by i = ©a - 90 + A, will also be affected 
resulting in an error in the propagation constant derived 
from equation (4.1). An error parameter e = ©a(4>a=0/P) 
-©a(4>a=0,p=0) can be defined and is plotted in Fig. 2.7 
from which it can be seen that e increases rapidly with p 
and reaches unacceptable levels for I p I>5°.
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Fig. 2.6: Predicted m-line shape for a TM mode (©m =
84.5°) in a LiNb03 waveguide - rutile prism 
(A = 40.5°) coupled system with no misalign­
ment (p-0) and a wavelength of 633nm.
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Fig. 2.7: ' Variation of the error parameter e with the
prism misalignment angle p for the mode and 
conditions of Fig. 2.6.
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2.5 Coupling Efficiency Between Prism and Waveguide
The prism coupler was the subject of considerable 
theoretical study in the early 1970’s with a variety of 
methods being used to calculate the energy transferred from 
the prism to a waveguide [2.16-19]. In particular, Tien 
and Ulrich [2.17] derived an analytic equation for the 
coupling efficiency T):
8W tan ©^
1 — exp
|T|2L
T) -
LIT!2 4W tan ©^
Here W is the film height of a step-index planar waveguide, 
©1 is the mode angle of the propagating waveguide mode and 
L is the beamwidth of the incident beam at the prism base 
(Fig. 2.8). Although this theory assumes that the incident 
beam is of rectangular cross section, Ulrich [2.18] has 
shown separately that, for these calculations, this is a 
good approximation to the gaussian profile of a laser beam.
The dependence of T) on the gap S between the prism and 
waveguide (Fig. 2.8) is contained in the term |T|2. Tien 
and Ulrich [2.17] assume that the coupling will be weak 
(large S) and make the approximation
2
IT| s 4exp(-2p2S).sin24>12sin2<t) 32 ...(2.9)
where P2 = k(ni2sin2©i - n22 )1/2, k = 27r/A, A being the 
free space wavelength and 4>i2/ <t>32 3X6 the phase changes at 
the filnv/gap, prism/gap boundaries respectively. The <J>i2 
(i = 1 or 3) are given by
tan <t>i2 = (n±/n2 )2  ^P2/k(n±2 - n^2 sin2© ^ 3^ 2 ...(2.10)
in which j is a polarisation dependent parameter equal to 0 
for TE and 1 for TM polarisations (cf equation (2.2)). For 
the waveguides common at the time for which W was small and
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Fig. 2.8: Schematic of the prism-film coupler.
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nj_ - no large this approximation is valid, but for the type 
of waveguide more common' today for which W is large and ni 
- no small, the phase terms sin2(|>i2 and sin2<J>32 are also 
small and invalidate the approximation. Hence the full 
form (equation (2.11)) must be used for T in calculating rj.
1/2
T = 1/cosh p2S . 2( tan4>32tan4>12) ' /(tan(J>32
+ tanfc^- i(tarih p2S) (1 - (2 ^
tan*32 tan<t>12))
2 2 Here i = -1, and IT 1 is then T.T* where T* is the complex
conjugate of T.
Using equations (2.8) and (2.11) the coupling efficiency 
( T ) )  has been plotted as a function of the gap size (S) for 
a representative \LiNbO3 waveguide-rutile prism coupled 
system. Thus Fig. 2.9 shows the results for TM 
polarisation and Fig. 2.10 for TE. The relative coupling 
efficiency of the various modes can be seen to depend 
strongly on S, suggesting a method of estimating the 
prism-waveguide spacing experimentally. In addition the 
broader peaks obtained for TE polarisation suggest that 
good coupling may be easier to achieve for TE modes.
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Fig. 2.9: The variation of TM mode coupling efficiency
( t j )  with gap size (S). A = 0.6328/im, h = 
3.0pm, L = 2mm, nf = 2.29, ns = 2.2671, nc =
1.00, np = 2.58.
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Fig. 2.10: The variation of TE mode coupling efficiency
(rj) with gap size (S). A = 0.6328/im, h = 
3.0/im, L = 2mm, nf = 2.20, ns « 2.178, nc =
1.00, np = 2.87.
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CHAPTER 3: WAVEGUIDE FABRICATION TECHNIQUE
3.1 Introduction
In this chapter the fabrication technique used for the 
majority of waveguides in this study is described, from the 
preparation of the material, through ion implantation, to 
the annealing process required to produce a finished 
waveguide. Although the method of controlling implantation 
temperature described in section 3.4 was somewhat 
improvised, and temperature control during annealing 
(section 3.5) was initially poor, consistent results were 
obtained giving a yield of over 50% and a production time 
of approximately two days per waveguide.
3.2 Material Preparation
The material used for this work was s.A.W. grade, Y-cut 
LiNb03 and was supplied by Roditi in slices 45 x 0.5 x 
54 mm. A diamond wheel saw with a 125 mm diameter blade 
and 240 grade grit was used to cut these slices to a size 
suitable for inplantation: approximately 22 x 11 mm. The
best results in terms of edge smoothness were obtained by 
mounting the LiNb03 between glass slides using a low 
melting point wax and cutting at a saw speed of 
approximately 200 r.p.m. with excess lubricating oil 
present on the blade.
Following cutting the glass was removed by melting the wax 
on a hot plate set at approximately 150 °C. It was found 
that higher temperatures may result in cracking of the 
I»iNb03 due to thermal stress. Residual wax and oil were 
then removed by successive immersion in warm toluene, 
trichlorethylene and isopropanol for approximately 3 
minutes each. To avoid damage to the sample none of the 
liquids was allowed to boil, nor was an ultrasonic bath
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used. This cleaning procedure, arrived at empirically, was 
found to produce a clean surface when viewed under a 
low-power (lOx) optical microscope.
3.3 Ion Inqplantation
The facility used for implantation of the LiNbC>3 samples 
with He+ ions consists of four main components: a Van de 
Graaff accelerator; an analysing magnet; a beam line and a 
target chamber. The accelerator produced a collimated beam 
of mainly singly charged He+ ions whose energy could be 
varied in the range 0.5 to 2.0 MeV. Ions with masses and 
energies other than those selected were filtered out by the 
analysing magnet and the He+ beam was directed down the 
evacuated beam line towards the target chamber in which the 
pressure was maintained in the region 10~5 to 10-6 Torr by 
an oil diffusion pump [3.1].
The LiNb03 samples were mounted on a stainless steel plate 
using conducting silver based glue and small 
beryllium-copper clips. Good thermal and electrical 
contact between samples and plate was ensured by the glue 
while the clips acted as a source of secondary electrons 
preventing surface charge accumulation on the LiNb03. In 
order to reduce the probability of ion channelling [3.2] 
the normal to the plate surface was inclined at 7° to the 
incident ion beam. The sample plate itself was 
electrically isolated so that the arriving charge could be 
collected and used as the basis for dose measurement. To 
prevent secondary electrons backscattering towards the 
accelerator a suppression plate was positioned in front of 
the sample plate and maintained at a potential of -300V, 
and the implanted area was defined by an aperture in front 
of the suppressor plate. Because the beam shape was not 
precisely known, it was electrostatically scanned over an 
area approximately twice that of the sample in order to 
ensure uniformity of dose.
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Nevertheless, uncertainties exist in both ion energy and 
dose measurements. A recent calibration at the University 
of Surrey of the electrostatic voltmeter used to measure 
the accelerator potential was carried out by the nuclear 
resonance technique [3.3] and estimated the uncertainty in 
ion energy as 4%. However, variation during an implant as 
evidenced by magnet current drift was only 0.01% and energy 
spread in a beam produced by an r.f. source, as used in the 
Van de Graaff accelerator, is typically only 100 eV [3.4]. 
Variations in the current collected from the sample plate 
can be observed as the position of incidence of the ion 
beam is altered. This is due to variations in the 
effectiveness of the suppression and leads to an 
uncertainty in dose of between 5 and 10%, similar to the 
value suggested by Wilson and Barfoot [3.5].
3.4 Temperature Variations During Implantation
Where good thermal contact exists, such as can be obtained 
by mounting samples with a conducting silver based glue, 
the temperature of a sample during ion implantation has 
been shown to be essentially equal to that of the plate on 
which it is mounted [3.6]. However, because of the 
requirement to measure ion dose which necessitates the 
isolation of the sample plate, the plate temperature will 
rise during implantation dependent on the ion beam power 
(P) and the thermal mass of the plate. For small 
temperature increases radiation loss can be neglected and 
the increase (Tr) is given by equation (3.1)
Tr s Pt/mcr ...(3.1)
in which m is the mass of the sample plate of specific heat 
capacity cr and t is the elapsed implant time.
The sample plate used for this work consisted of 470g of 
stainless steel and calibration curves, obtained during 
implantation by means of a thermocouple attached to the 
plate surface, are plotted in Fig. 3.1. By comparing the
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Fig. 3.1: Sample plate temperature variations during
implantation (---  no radiation loss
(equation (3.1)); -sc— 1.5MeV, 1.2/xA; -o—
l.OMeV, 1.2/iA; — — cooling curve).
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results obtained, with those predicted by equation (3.1) 
which are also plotted in Fig. 3.1 it can be seen that the 
effect of radiation loss is small for times less than 40 
minutes.
In order to minimise the temperature variation during long 
implants, cooling periods were instituted during which the 
ion beam was switched off and the end station was let up to 
atmospheric pressure with dry nitrogen gas to enhance the 
cooling rate. The sample plate cooling curve under these 
conditions is also shown in Fig. 3.1.
Thus, by choosing implant times of typically 40 minutes for 
which a reasonable approximation to the temperature 
increase is given by equation (3.1), and choosing 
appropriate cooling times from Fig. 3.1, temperature 
variations of less than 20°C were generally obtained.
.5 Annealing
The arrangement used for annealing is shown in Fig. 3.2. In 
order to maintain a constant atmosphere around the samples 
oxygen gas, pre-dried by flowing through silica gel, was 
passed through the furnace tube at a rate of 5ft3 h—1. This 
had the disadvantage, however, of producing temperature 
gradients in the tube of at least 4°C cm”1. In addition, 
the samples in the silica boat were unlikely to be subject 
to the same gas flow conditions as the more exposed 
thermocouple. As the gas has a cooling effect there is 
therefore some uncertainty regarding the sample temperature 
during annealing.
After inserting the samples it was found that a period of 
approximately 10 minutes was required to regain the anneal 
temperature. In order to avoid sample cracking due to 
thermal stress a cooling period of typically 10 minutes was 
also required before removing the samples at a temperature
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Fig. 3.2s Early annealing arrangement. Gas flow is 
from left to right.
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below 150°C. During both of these additional periods the 
sample was still at elevated temperatures and therefore 
there is some uncertainty in the total anneal time.
The combination of these effects means that repeatability 
of anneal conditions was all that could be expected. 
Although this was acceptable for the majority of the work 
presented here, for the quantitative study of the annealing 
behaviour it was necessary to obtain more accurate 
estimates of the anneal temperature and time. Consequently 
a modified probe was designed as shown in Fig. 3.3 on which 
the sample could be mounted between two thermocouples. In 
addition, the whole assembly was covered by a perforated 
glass lid in order to maintain similar gas flow conditions 
across the sample and thermocouples. Finally, although the 
rise time after inserting the sample was still necessary 
due to the thermal mass of the probe assembly, the sample 
could now.be removed to a cool part of the furnace so that 
it was possible to reduce the cooling period to about 2 
minutes. In this way the uncertainties in anneal 
conditions were significantly reduced.
As an example, Fig. 3.4 shows the temperature profile in 
the furnace tube as measured using the modified probe at a 
nominal temperature setting of 200°C. Gas flow was in the 
direction of increasing Pf and TCI was the thermocouple 
nearest the gas source. The small size of the flat zone 
(Pf s 13) can clearly be seen. In Fig. 3.5 a typical 
anneal temperature/time profile is shown for which the 
sample was positioned in the flat zone and the temperature 
readjusted to 200°C. The heating and cooling curves are 
shown and the anneal time was taken to be that for which 
the sample was hotter than 195 °C.
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Fig. 3.3: Modified annealing probe. Gas flow is from
right to left.
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Fig. 3.4: Typical annealing furnace temperature
profile. T( nominal) *= 200°C, gas flow
towards high Pf, time between measurements > 
5 mins., (-o—  TC 1, -x— TC 2 (see Fig. 3.3)).
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Fig. 3.5: A typical anneal temperature/time profile:
gas flow = 5 ft3h“l (-o- TC 1, -x- TC 2. (See 
Fig. 3.3)).
45
CHAPTER 4: OPTICAL MEASUREMENT TECHNIQUES
4.1 Introduction
For many integrated optical devices, the most desirable 
waveguide properties are low attenuation, leading to low 
device insertion loss; and single mode operation, so that 
phase information is retained. Low in-plane scattering may 
also be desirable in certain applications such as the 
integrated optic spectrum analyser [4.1] where it can lead 
to crosstalk between channels. However, in order to 
characterise a waveguide fabrication process it is 
necessary to understand the mechanisms involved and much 
useful information about these can be obtained from the 
propagation constants of multimode waveguides.
Consequently, the parameters chosen for study in this work 
are the attenuations and propagation constants of the 
waveguide modes. Both of these can be studied using an 
essentially common experimental arrangement, the techniques 
used being the subject of the remainder of this chapter in 
which in-plane scattering is not treated separately but is 
included as part of the overall attenuation. Experimental 
uncertainties involved in these measurements are also 
discussed and the overall accuracy estimated.
4.2 Propagation Constant
The most direct method for the measurement of the 
propagation constant of a waveguide mode is to measure the 
coupling angle at which the mode is excited using a prism 
coupler [4.2]. The coupling angle i (Fig. 4.1) is simply 
related to the propagation constant /3 by equation (4.1) 
[4.3] in which np is the refractive index of the prism, A 
is the prism angle defined in Fig. 4.1, and k = 2n/h.
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prism front face
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Fig. 4.1: The coupling angle i. zp and zf are the
optic axes of the rutile prism and LiNbC>3 
waveguide respectively.
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/3/k = n^sin© 
f m
= rip sin [90—A + arcsin (sin i/n^)] ...(4.1)
It is implicit in equation (4.1) that np > nf thus 
restricting the choice of prism material. The prisms used 
here were of rutile (Ti02)/ a positive uniaxial crystal 
whose indices are given by equations (4.2) and (4.3) [4.4].
n 2 = 5.913 + 0.2441 / (A2 - 0.0803) ...(4.2)
o
ne2 = 7.197 + 0.3322 / (\2 - 0.0843) ...(4.3)
Here n0 and ne are the ordinary and extraordinary indices 
respectively and A is the wavelength in microns. Table 4.1 
contains the values corresponding to the wavelengths used 
in this work for comparison with those for LiNb03 given in 
Table 4.2 which were obtained from equations (4.4) and 
(4.5) [4.5].
0.11768 / (0.04750 - A2)
- 0.027169 A2 ...(4.4) 
0.099169 / (0.044432 - A 2)
- 0.021950 A2 ...(4.5)
ne 
2.872 
2.732 
2.720
Table 4.1: Rafractive indices of Rutile [4.4]
A/ft no ne
6328 2.286 2.203
11520 2.227 2.152
13180 2.220 2.145
Table 4.2s Refractive indices of LiNb03 [4.5]
A/ft nQ
6328 2.584
11520 2.472
13180 2.462
n 2 = 4.9048 - o
n 2 = 4.5820 - e
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Details of the prisms are given in Table 4.3 showing the 
maximum values of the coupling angles: those for which ©m 
is 90°. The prism angle A is not critical although the 
condition i < A should be satisfied for all mode angles in 
order that the ray should not be obstructed by the film.
Polarisa­
tion
Prism
Angle
A
Prism
Index
Film
Index
Wavelength
\/im
i( ®m==90 ) 
from eqn 
(4.1)
TM 40.5 no no 0.6328 34.7
1.152 39.1
1.318 39.2
TE 50.0 ne ne 0.6328 30.2
1.152 34.5
1.318 34.6
Table 4.3: Prism details
Measurement of the coupling angle is performed as follows: 
Consider the arrangement shown diagramatically in Fig. 4.2 
in which the front face of the input prism is shown in two
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i ncident
beam
»>a  centre of 
rotation
2nd.  prism position
Fig. 4.2: Angle measurement method.
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different positions. Let us assume that in the first
position the prism is at the coupling angle i for a 
specific mode to propagate in a waveguide (which has been 
omitted from the diagram for clarity). The angle of the 
incident beam relative to the turntable of the angle
measuring device is i^. The turntable, and hence prism, is
then rotated such that the beam reflected from the prism
front face retraces the path of the incident beam: this
corresponds to the second position in Fig. 4.2. The new 
angle of the incident beam relative to the turntable (±2) 
is then measured and corresponds to the normal to the prism 
front face. The difference between the first and second 
measurements is i = 113. - ±2 1.
As can be seen from Fig. 4.2 the measured value of i is 
independent of the prism position relative to the centre of 
rotation, provided that the reflecting face is flat. This 
insensitivity to centreing errors was the reason for 
adopting this method.
This method was also used to determine the values of the 
prism angles, which were obtained from measurements of the 
normal angles i2 for each prism face.
4.3 Experiments 1 Accuracy In /3/k Measurements
The insensitivity of the angular measurement technique used 
for this work to errors in positioning the waveguide/prism 
system at the centre of rotation of the rotary table has 
already been noted (sec. 4.2). However, uncertainties may 
arise from other sources: Firstly, because of the
anisotropic nature of LiNbC>3, misalignment of the direction 
of propagation with respect to the X-axis will result in 
the light seeing a different refractive index. This 
misalignment may arise during cutting of the material or 
when mounting the waveguide with the prisms for 
measurement. The refractive index seen can be calculated 
from the optical indicatrix [4.6] and for TE modes in Y-cut 
LiNbC>3 is given by
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2 2 2 — 1/2
n(0 = (tan £/n + 1/n ) ' /cos£ ...(4.6)
6  O
where £ is the angle in the (z,x) plane between the
direction of propagation and the optic (z) axis, and ne and
nQ are the extraordinary and ordinary refractive indices 
respectively. This function is plotted in Fig. 4.3 for a 
propagating wavelength of 632.8nm from which it can be seen 
that an error of 5° in alignment will result in a 0.001 
error in refractive index and hence in /3/k through equation 
(4.1). The E-field of a TM mode is predominantly 
perpendicular to the (z,x) plane in which the misalignment 
occurs and therefore the index seen by TM modes is not 
significantly affected by small rotations.
A second major source of error will arise if the input 
prism is misaligned with respect to the input beam and the 
X-axis of the waveguide. Although this is discussed more 
fully in sec. 2.4, it is worth noting that an angular 
misalignment (p) of 5° will result in an error (e) of 0.1° 
(Fig. 2,7) which after conversion using equation (4.1) 
produces an error of 0.001 in /3/k.
The third source of error is determined by the accuracy 
with which the angles can be measured using the rotary 
table: this is estimated to be approximately ±0.05°. The
uncertainty in cutting and alignment is estimated to be ±2° 
(< ±0.0005 in /3/k) and the uncertainty in prism 
misalignment, although more difficult to estimate 
accurately because of the small sizes involved, is thought 
to be approximately ±3° (e=0.03°, ±0.0002 in /3/k). The sum 
of these errors suggests a total uncertainty in /3/k of 
approximately ±0.001 and this agrees well with variations 
observed when repeating measurements. However, these 
measurements were made using the same input prism: 
variations between prisms due to misalignment of the optic 
axis during machining or errors in the prism angles 
suggest that the total uncertainty in /3/k should be ±0.002.
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a£ / degrees
Fig. 4.3: The variation of refractive index with
waveguide misalignment angle: TE inodes, X *=
632.8nm.
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This extra uncertainty arises because the prism angles can 
only be measured to the ±0.05° accuracy of the rotary 
table, which also restricts the accuracy with which the 
prism refractive indices can be determined using the 
minimum deviation method [4.7].
In summary it can therefore be said that the measurements 
of /3/k presented here are subject to a random error of 
±0.001, and to a systematic error of ±0.001.
4.4 Attenuation
No entirely satisfactory method for determining waveguide 
attenuation has yet been proposed, although a multiplicity 
of techniques have been described in the literature [4.8 
-4.15]. Probably the most widely used method is to measure 
the transmitted power as a function of propogation length. 
In its simplest form this involves cutting back and 
polishing the waveguide for each measurement [4.8], 
coupling being achieved through the end faces. A more 
convenient and non-destructive method uses prism couplers 
for both input and output coupling with the spacing between 
the prisms being varied [4.9, 4.10]. In this "moving
prism" method it is necessary to assume that the coupling 
efficiencies remain constant throughout the measurement 
despite the movement of the prisms and it is variations in 
this coupling which constitute the largest source of error.
The reasons for the variation in coupling efficiency are 
not entirely clear although it appears to be due to 
variations in the sizes of the coupling spots (the area of 
the prism bottom over which coupling occurs) and the 
relative alignment of the input and output spots. 
Variations in spacing between input and output spots for a 
given prism separation can be ruled out as the cause 
because such a variation would have more effect at larger 
gradients - an effect which is not observed experimentally 
(sec. 4.5, Fig. 4.5).
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Variations in the gap (S) between the prism and the 
waveguide film can also be eliminated as the cause by 
experimental observations: Fig. 2.9 in sec. 2.5 shows the
theoretically derived variation in coupling efficiency (rj) 
with S for a representative waveguide supporting 3 TM 
modes and predicts that the mode number for which the 
highest coupling efficiency occurs (and hence the highest 
intensity in the guide) will vary with S. Experimental 
results comparing "good" and "bad" coupling, which were 
obtained during an attenuation measurement on a guide 
supporting 4 TM modes, are given in Table 4.4. The mode 
intensities in the waveguide at the input prism edge, which 
are proportional to input coupling efficiency, were 
estimated by measuring the output intensity for each mode 
at its appropriate coupling angle then correcting for the 
mode attenuation in travelling from the input prism. A 
coupling efficiency of 100% was assumed at the output 
prism. Although the difference in intensity between the two 
cases is approximately 4 dBs the m=2 mode still has the 
highest intensity and the order is unchanged. S is 
therefore constant with a value estimated by comparison of 
these results with Fig. 4.4a, which was derived using the 
theory described in sec. 2.5, of approximately 0.01pm.
Some changes in the differences in intensity between modes 
are nevertheless apparent: for instance, the gap between
the m=l and m=2 mode intensities increases for bad 
coupling. Such a result can be obtained theoretically by 
varying the coupling length (I») in equation (2.8) as shown 
in Fig. 4.4.
Although comparison of the experimental results in Table
4.4 to the theoretical results in Fig. 4.4 reveals only 
qualitative agreement, it should be remembered that the 
theoretical model assumes a rectangular beam profile and a 
step index waveguide with no attenuation: conditions which
are only approximated to by the ion implanted waveguide 
structure and a laser beam.
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intensity at input prism/dB
mode --- ---------------------
number good bad
m coupling coupling
0 -7.0 -J2-7
1 -0.1 -4.7
2 0 -3.9
3 -4.2 -7.6
Table 4.4: Experimentally derived intensity in a
waveguide at the input prism edge in dBs 
relative to the irr=2 good coupling case.
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Fig. 4.4: TM mode coupling efficiency derived using
the theory in sec. 2.5 for X = 632.8nm, h - 
3.84pm, nf = 2.290, ns = 2.2671, nc = 1.000, 
np = 2.580 and a) L = 2mm, b) L= 1mm.
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In addition to its effect on the relative modal 
intensities, reducing L will reduce the proportion of the 
incident light available for coupling (proportional to L2) 
thus accounting for the large differences between good and 
bad coupling. In practice the size of L will be determined 
by whichever is the smaller of the input coupling spot, the 
output coupling spot or the input beam diameter.
Variations in coupling are therefore most probably due to 
variations in coupling spot size as was suggested above.
Won et al [4.11] have suggested the use of a second output 
prism in order to overcome problems due to coupling 
efficiency variations, but their technique is only suitable 
for large samples. More recently interest has been shown 
in a variation where the output prism is replaced by a 
mercury drop which absorbs light coupled out into it 
[4.12], The resultant temperature rise is however small 
(;s0.01oC) for the power levels typically used (~lmW) and it 
is not possible to isolate light propagating in a given 
mode.
The alternative to the transmitted power techniques 
involves the measurement of the out-of-plane scattering 
intensity as a function of distance from the input prism. A 
number of variations on this "scattered light" method have 
been described [4.13 - 4.15] but all suffer from the
inability to distinguish light scattered from a particular 
mode. Nevertheless, because the prisms are not moved during 
the measurement, thus maintaining a constant coupling 
efficiency, this technique may prove more suitable for 
single mode guides.
The "moving prism" method was adopted for this work because 
most of the waveguides were multimoded. Light of the 
appropriate polarisation was coupled in via a right-angled 
rutile prism and out via a similar prism some distance 
along the waveguide. It was not possible to use a second 
output prism due to the limited sample size. Adjustment of 
the input coupling angle (sec. 4.2) allowed the
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preferential excitation of the mode of interest, and the 
output intensity in the bright central spot of the m-line 
[4.16] was measured as a function of prism separation. Thus 
light propagating in other modes, including degenerate 
modes, was excluded. The prism separation was varied 
discretely for these measurements, rather than continuously 
as suggested by Weber et al [4.9], and the attenuation in 
dB/cm was obtained from the gradient of a graph of 10 log 
(output intensity) against prism separation.
4.5 Experimental Accuracy of Attenuation Measurements
Compared to measurment of /3/k, the uncertainty in the 
attenuation measurements is more difficult to assess. As 
was noted in sec. 4.4 the dominant source of error arises 
from variations in coupling efficiency between prisms and 
waveguide which can cause considerable scatter in the 
points on an attenuation plot (Fig. 4.5a). By writing the 
transmission coefficient (t) through the prism/waveguide 
system as
-ax .^  .
t = rjj e tio .. .(4.7)
where t)i and t)o are the coupling efficiencies at the input 
and output prisms respectively and x is the propagation 
length in the waveguide of attenuation a, we might expect 
variations in coupling efficiency to have a greater effect 
for small values of a. That this is so can be seen by 
comparing Figs. 4.5 a and b.
As was noted in sec. 4.4 the value of a is obtained from 
the gradient of a straight line fit to the attenuation 
plot. In practice this gradient may not be easy to 
determine by eye and throughout this work the method of 
least squares [4.17] has been used. In general 7 
experimental points were obtained for each graph: this
being a compromise between experimental accuracy and the 
time taken to perform the measurement, which was
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Fig. 4.5; Typical attenuation plots showing scatter 
due to variations in prism / waveguide 
coupling efficiency: a) a = -4.5dB/cm,
b) a = -27.8dB/cm.
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approximately 2 hours. During this period the HeNe laser 
output was observed to vary much less than the variations 
due to coupling efficiency changes, provided a suitable 
warming-up period was allowed. Consequently a reference 
signal was not required. Where a point was much further 
from the line than the average scatter (Fig. 4.6) it was 
disregarded in calculating the gradient although a minimum 
of 5 points was always used.
The uncertainty in a is therefore directly related to the 
uncertainty in the value of the gradient obtained. 
Following the treatment of Green and Margarison [4.17] let 
the least squares fit straight line be given by
In equations (4.9) and (4.10), in which the subscript of 
summation (Ki^N) has been dropped for convenience, there 
are N experimental points with values (Xi, yi). Assuming 
that the error on x is negligible - probably a valid 
assumption because the scatter decreases as the gradient 
increases (Fig. 4.5) - and the error on y is random, the 
variance of the error in Bi is then
Y = B X + B 1 o
(4.8)
The gradient Bi is given by
Exy - ExEy/N 
Ex2 - (Ex)2/N
(4.9)
and the intercept B0 is
B = (Ey - B Ex )/N 
o 1
(4.10)
2
2<j ..(4.11)
Ex2 - (Ex)2/N
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Fig. 4.6: Attenuation plot showing the effect on the
gradient of including (---) and disregarding
<---) widely scattered points (o):  a =
-14.7dB/cm, a = -12.5dB/cm.
62
where a is the uncertainty in the y values and was taken to 
be equal to the standard deviation of the differences 
between the experimental yi values and the fitted Yi values
rather larger than repeatability of results would suggest, 
being typically ±5dB/cm. In Fig. 4.7 for example the 
results of a moving prism measurement are compared to a 
scattered light measurement (sec. 4.4) of the same single 
mode waveguide. Given that the attenuation obtained from 
the scattered light measurement is expected to be lower, 
because light scattered from degenerate modes is also 
collected, the experimental uncertainty is estimated to be 
±ldB/cm on the moving prism value.
The over estimation of a using equation (4.11) suggests
B1
that the error in y may not be entirely random. This 
hypothesis is supported by results such as that shown in 
Fig. 4.8 in which there is an apparent division into two 
groups corresponding to good and bad coupling (sec. 4.4). 
Such a result can be modelled using a mixture distribution 
[4.18] such as the probability density function f(e±) given 
by
Here p is the probability of a point being in the first 
group (O^p^l) which is normally distributed with standard 
deviation cti and offset ai which is the intercept of a 
straight line fitted to this group of points. The term ei 
is given by
(Yi - Yi).
However, values of obtained by this method are often
= (p/ai/2rr)e +
[(l-p)/CT2V2TT]e .(4.12)
...(4.13)
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Fig. 4.7: Attenuation plots for the same mode obtained
using a) moving prism (a = -11.6 dB/cm), 
and b) scattered light (a = -9.8 dB/cm) 
methods.
64
0Fig.
00
~o
\
-1 6 -
4
X
- 12 -
X
-I__________!_
9 10 11
s /  mm
12 13
4.8: Attenuation plot showing a particularly
strong case of the division into two groups 
of points.
65
so that the experimental points in group 1 are fitted by a 
line of gradient /3i* The corresponding terms for the 
second group are similarly obtained by substituting the 
subscript 2.
The most probable values of the variables aj, <X2, Bi# Pz> 
aj and <72 occur when the likelihood (A) defined by equation 
(4.14) is a maximum [4.19].
N
A — n f(e ) ...(4.14)
i=l
Fortunately this coincides with the maximum of log(A) which 
is easier to calculate:
N
log(A) = E log [f(e )) ...(4.15)
i=l
Because of the limited number of experimental points the 
function was simplified by setting cri=cr2 Pi=&2 • the
values being computed numerically using a standard NAG 
minimisation routine (E04LAF). Results obtained using this 
method suggest a value of ±0.5 dB/cm for the uncertainty in 
the gradient (cri=a2), with the gradients themselves 
differing by approximately 1 dB/cm from those obtained by 
the standard least squares method. The results were 
generally insensitive to the choice of p in the range 
0.5<p<0.9.
It was therefore decided, based on a comparison of the 
results produced by these two methods and experimental 
repeatability, to use the simpler least squares fitting 
technique to obtain the gradients but to choose a value of 
±1 dB/cm as the estimated uncertainty in the gradient.
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CHAPTER 5s THE EFFECT OF ION ENERGY AND DOSE
5.1 Introduction
Varying the ion energy and dose in the fabrication 
procedure has significant effects on the optical properties 
of ion implanted waveguides because they determine the 
depth and refractive index of the damaged layer. Following 
a brief summary of the experimental procedure used in 
fabricating and measuring the waveguides, the results of a 
study of these effects are presented and discussed in this 
first chapter of results. Both TM (ordinary mode) and TE 
(extraordinary mode) polarisations are considered.
5.2 Experimental Procedure
SAW grade Y-cut LiNbC>3 was used for these experiments with 
propagation parallel to the X-axis. The material was 
prepared as described in section 3.2 after which the 
samples were implanted uniformly with He+ ions at energies 
ranging from 0.8 to 2.0 MeV and with doses between 5 x 1015 
and 2.1 x 1016 He+ cm“2 to form planar waveguides (sec. 
3.3). A mean beam current of 1.2 /xA (0.37 /iA cm-2) was 
used, and implant and cooling times were chosen according 
to beam power in order to maintain temperature rises below 
20°C (sec. 3.4). Following implantation the waveguides 
were annealed for 30 minutes at 200°C using the arrangement 
shown in Fig. 3.2 (sec. 3.5).
Optical measurements were then carried out to determine the 
number of propagating modes for each waveguide, along with 
their respective propagation constants (/3/k) (sec. 4.2) and 
attenuations (a) (sec. 4.4). Linearly polarised laser 
light of 633 nm wavelength was used for these experiments.
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5.3 Results and Discussion: TM Modes
The variation of TM mode propagation constant and 
attenuation with He+ ion energy are shown in Figs. 5.1 and 
5.2 respectively. For these waveguides a constant dose of 
1016 He+ cm-2 was used and the measurements are those 
following annealing. As expected, the number of modes 
supported increases with ion energy, due to the increasing 
depth (h) of the guiding layer (sec. 2.2, Fig. 2.2). In 
addition, Fig. 5.1. shows the refractive indices of the 
film (nf) and substrate (ns) of a step index profile 
waveguide with similar values of /3/k. These values, 
calculated using the step index model described in sec. 
2.2, are approximations to the guiding layer and damaged 
layer indices of the ion-implanted waveguides and hence 
give an estimate of the degree of damage in the two layers. 
The film height (h) used in these calculations was itself 
calculated using the depth of damage (Rd) versus energy 
relation reported by Barfoot [5.1], and was taken to be 
0.87 Rd to approximate the graded interface between the 
damaged and guiding layers of the ion implanted waveguide.
In Fig. 5.2 it can be seen that attenuation decreases with 
increasing ion energy and increases with increasing mode 
number. To explain this behaviour it is necessary to 
consider the modal field profiles in relation to the damage 
profile. As the ion energy is increased, the field at the 
edge of the guiding layer near the damaged region 
decreases. This is shown in Fig. 5.3, which was derived 
using the method described by Shail et al [5.2] (Sec. 2.3) 
for the TMo mode of waveguides with depths (h) up to 4.5 
/an. The parameter 6 in Fig. 5.3 represents the "boundary 
layer" thickness in which the index changes from that of 
the guiding layer to that of the damaged layer. The 
overlap between the field and damage profiles therefore 
decreases with a resultant reduction in scattering loss and 
leakage into the substrate. The edge field is also larger 
for higher order modes (Fig. 2.4) resulting in the observed 
increase in attenuation with mode number.
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Fig. 5.1s Variation of propagation constant (/3/k) with 
He+ energy for TM inodes. Dose = lO*-6 He+cm~2
( film index,  substrate index, o TMq ,
x TM}, A TM2, b 3M 3).
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Fig. 5.2: Waveguide altenuation as a function of He+
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Fig. 5.3: Variation of the TM mode transverse H-field
strength at the guiding layer edge as a 
function of waveguide depth (h) for ni = 
2.29, nz = 2.267, 6/h = 0.1, X = 0.6328pm
(sec. 2.3).
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Variations with dose are shown in Figs. 5.4 and 5.5 for 
waveguides formed with a constant He+ ion energy of 1.5 
MeV. The point at 10ie He+ cm-*2 is therefore also common 
to Figs. 5.1 and 5.2. The number of modes supported 
increases with dose as the substrate index (ns), again 
based on calculations for an equivalent step index 
waveguide, decreases (Fig. 5.4). The discontinuity which 
occurs in the /3/k curve between 5 and 8 x 10I5 He+ cm-2 
(Fig. 5.4) is associated with similar behaviour reported by 
Karge [5.3] for such properties as refractive index change, 
volume dilation and disordering of the crystal structure, 
as a function of dose.
Fig. 5.5 shows that a minimum occurs in the attenuation 
curve at approximately 1.2 x 10l6 Be+ cm-2 for both TMo and 
TMi modes with attenuation increasing slightly more rapidly 
away from the minimum on the low dose side. This variation 
of attenuation as a function of ion dose is explained in 
terms of the reduced confinement of the modal field at low 
doses, due to the low refractive index change in the 
substrate layer resulting in increased leakage; at higher 
doses greater scattering results as guiding layer damage 
increases, again leading to higher attenuation.
5.4 Results and Discussion: TO Nodes
The behaviour of the TE mode propagation constant as a 
function of ion energy (Fig. 5.6) is more complex than that 
of the TM modes and exhibits an increase in the number of 
propagating modes towards both low and high energies. An 
attempt has been made to calculate values of nf and ns for 
equivalent step index waveguides but it proved impossible 
to match the mode structure at 0.8 MeV: this indicates a
large deviation from the step index profile in the near 
surface region. Estimates of nf and ns at 0.8 MeV are 
therefore shown.
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Fig. 5.4: The dependence of TM mode propagation
constant (/3/k) on He+ dose. He+ energy = 
1.5MeV (see Fig. 5.1 for key to symbols).
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Fig. 5.5: Waveguide attenuation as a function of He+
dose for TM polarisation. He+ energy = 
1.5MeV (see Fig. 5.2 for key to symbols).
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Fig. 5.6: Variation of TE mode propagation constant
with He+ energy. Dose *= 1016 He+cnr2
( guiding layer index,  substrate index,
o TE0, x TEi).
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The number of TE modes supported also increases with ion 
dose (Fig. 5.7), although less rapidly than the number of 
TM modes indicating a smaller overall refractive index 
change. Probably the most significant difference between 
the two polarisations however, is that the TE mode 
propagation constants are all greater than the 
extraordinary index (ne), indicating a rise in guiding 
layer index which is not observed for TM polarisation. It 
is suggested that this selective increase in extraordinary 
index is caused by a change in guiding layer stoichiometry
[5.4] due to lithium loss. However, whether lithium 
outdiffuses from the material or remains as a separate 
phase near the surface is not yet clear.
An attempt to measure the change in surface Li 
concentration using X-ray photoelectron spectroscopy (XPS)
[5.5] proved unsuccessful due to the low Li signal 
-approximately l/60th that of Nb (Fig. 5.8)1. However, 
better results have been reported by Betts et al [5.6] 
using the technique of secondary ion mass spectrometry 
(SIMS) for Ti-indiffused waveguides. This technique may 
therefore prove more successful for ion-implanted 
waveguides.
Figs. 5.9 and 5.10 show the variation of TE mode 
attenuation as a function of ion energy and dose 
respectively. It can be seen that the complex behaviour of 
the propagation constant at low energies is accompanied by 
a rapid decrease in fundamental mode attenuation (Fig. 
5.9). This suggests a large refractive index difference 
between the guiding layer and the damaged layer.
Since this effect does not extend to higher energies a 
steep gradient of the lithium concentration profile near 
the surface is indicated. At energies above approximately 
1.0 MeV the waveguide properties are dominated by ion 
damage effects, and the influence of a localised variation 
in stoichiometry near the surface of a deep waveguide is
!*This work was carried out by Dr J F Watts of the Department of
Materials Science and Engineering, Uniersity of Surrey.
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Fig. 5.7: The dependence of /3/k on He+ dose for TE
inodes. He+ energy = 1.5MeV (see Fig. 5.6 for 
key to symbols).
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Fig. 5.8: XPS spectrum of LiNb03 showing the small size
of the Li signal (see footnote 1).
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Fig. 5.9: Waveguide attenuation as a function of He+
energy for TE polarisation. Dose = 
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5.10: Variation of TE mode attenuation with He+
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5.9).
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small. Therefore the variation of attenuation with dose, 
plotted in Fig. 5.10, at an energy of 1.5 MeV is similar to 
that for the TM modes, although the position of the minimum 
is shifted to approximately 1016 He+ cm-2 for the TEo mode 
and the rise from the minimum is less rapid. In addition, 
the minimum is approximately 2 dB/cm higher for the TE case 
due to the smaller refractive index change.
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CHAPTER 6: WAVELENGTH DEPENDENT PROPERTIES
6.1 Introduction
Variations in waveguide optical properties with the 
wavelength of the propagating mode are of interest for a 
number of reasons: Firstly, equation (2.1) (the transverse
resonance equation) suggests that increasing the wavelength 
will have a similar effect to reducing h. The results 
obtained should therefore be comparable to those in Chapter 
5 in which the ion energy was varied, and may be expected 
to provide further information about the waveguide 
refractive index profiles. Secondly, many of the potential 
applications for integrated optical devices require 
compatibility with optical communications systems and 
components operating in the infra-red wavelength region. 
Therefore waveguide properties in this region are of 
particular interest.
6.2 Experimental Procedure
The waveguides in this Chapter were formed by implantation 
of 1016 He+ cm-2 at 1.5 MeV according to the method 
described in Chapter 3, these values being chosen, based on 
the results of Chapter 5, to give a reasonably low loss, 
multimode waveguide at an energy reliably attainable using 
the available accelerator. As in Chapter 5, Y-cut 
X-propagating LiNb03 was used together with a mean ion beam 
current of 0.37/iA cm-2, and temperature rises were
constrained below 20°C. Annealing was carried out at 200°C 
for 30 minutes in a flowing oxygen atmosphere, although the 
modified annealing probe (Fig. 3.3), which had by now
become available, was used in this case.
Four laser wavelengths were available for these 
experiments: 633, 1152, 1318 and 1523nm. With the
exception of the 1318nm line which was produced by a Nd:YAG
83
laser, these wavelengths were obtained from a HeNe laser by 
suitable choice of mirrors. Unfortunately however, there 
was insufficient intensity in the 1523nm line for 
measurement purposes, thus restricting this experiment to 
the remaining three wavelengths.
Separate samples were used for each polarisation in order 
to restrict the number of prism coupling operations 
required on a given waveguide, so reducing the risk of 
surface damage. However, in order to eliminate any 
variations between samples due to implant conditions, a 
comparison measurement of both polarisations was made at 
633 mm wavelength.
The optical measurements of /3/k were carried out els 
described in sec. 4.2, and those of attenuation at 633nm 
wavelength as in sec. 4.4. However, some variations in the 
attenuation measurement technique were necessary for 
measurements in the infra-red region: Firstly, unlike the
silicon photodiode detector used at 633nm, the vidicon 
camera [6.1] used as a detector in the infra-red region 
produced a non-linear output signal els a function of 
intensity. It was therefore necessary to calibrate the 
camera over the range of intensity used in each meEisurement 
using a set of neutral density filters. A typical 
calibration curve is shown in Fig. 6.1. The second 
variation was made necessary by the unstable output of the 
NdtYAG laser (compaxed to the timescale of the overall 
measurement) and necessitated the use of a reference signal 
from the laser to which the output intensity from the 
waveguide could be normalised. The inclusion of these 
extra stages in the attenuation measurement technique 
inevitably gives rise to sm increase in the overall 
experimental uncertainty which, for measurements in the 
infra-red region, is estimated to be ±2dB/cm (cf. 
sec.4.5).
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Fig. 6.1: A typical calibration curve for the vidicon
camera used for infra-red measurements. The 
output depends on the camera gain setting 
which remains constant for a given 
measurement. The optical density is that of 
the neutral density filters used to attenuate 
the laser output.
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6.3 Results and Discussion
The variations of propagation constant (/3/k) and 
attenuation (a) with wavelength (A) are shown in Figs. 6.2 
(TM inodes) and 6.3 (TE modes). Included in these diagrams 
are the refractive indices nQ and ne of LiNbC>3 which are 
also wavelength dependent (equations (4.4) and (4.5)).
Considering first the TM mode results (Fig. 6.2), it is 
apparent that the difference between the values of /3/k and 
no increases with wavelength, and that above 633nm the m=l 
mode becomes cut off. Such behaviour is entirely 
consistent with the predictions of the step-index model 
(sec. 2.2 ) where it will be noted that increasing the 
wavelength in equation (2.1) has the same effect as 
decreasing the film height h (Fig. 2.2). In this respect 
these results are similar to those in Fig. 5.1 in which the 
waveguide depth is varied by altering the ion energy.
Therefore, increasing the wavelength to 1.318 (1.152) pm is 
comparable to reducing h to 1.38 (1.58) pm in comparison to 
the 2.88pm of the 1.5 MeV implant at 0.633pm. These values 
are based on the step-index model calculations of sec. 5.3 
and the depth versus energy relation in reference [5.1]. 
These values of h correspond to 640 (750) keV in terms of 
He+ energy and consequently an increase in attenuation 
similar to that seen in Fig. 5.2 may be expected. That the 
increase observed (Fig. 6.2) is not as rapid indicates a 
reduction in scattering loss due to the lower 
susceptibility of longer wavelengths to localised 
variations in refractive index: that is, the size of damage 
cluster required for strong scattering increases with 
wavelength [6.2]. Therefore, for a constant h/A ratio, a 
decreases with increasing A.
Turning now to the TE mode results, Fig. 6.3 shows that the 
values of /3/k for the TE modes are all greater than ne# 
this being attributable to lithium outdiffusion (sec. 5.4). 
The size of this difference does however vary with
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Fig. 6.2: Variation of TO node attenuation (a) and
propagation constant (/3/k) with wavelength. 
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wavelength, increasing towards larger values of A. As 
increasing A has little effect on the mode profile, most 
energy remaining concentrated near h/2 (Fig. 6.4), this 
suggests that some of the smaller damage features seen at 
0.633/im are not seen at longer wavelengths, thus causing a 
rise in the average guiding layer index and hence /3/k 
towards higher values of A.
As with the TM modes, this reduction in the susceptibility 
of longer wavelengths to refractive index variations caused 
by the smaller damage features may be expected to produce a 
reduction in attenuation at higher wavelengths. That this 
is observed can be seen in Fig. 6.3 in which the 
attenuation of the fundamental TE mode (m=0) falls from 
-7.7 dB/cm at 0.633/an wavelength to -2.2dB/cm at 1.318/im. 
However, as was noted in sec. 5.4, the TE mode refractive 
index profile, complicated as it is by lithium 
outdiffusion, does not lend itself to analysis by the step 
index model, so that comparison of the results in Fig. 6.3 
to those of Fig. 5.9 using equivalent values of h (as was 
done for the TM modes above) would not be correct. Indeed 
the fall in attenuation towards low values of ion energy in 
Fig. 5.9 was attributed to an increase in the refractive 
index difference between substrate and guiding layer (sec. 
5.4) rather than the reduction in scattering suggested 
here.
Finally, to conclude this Chapter it is worth mentioning 
the photoretractive effect [6.2-6.4]. This is one of the 
most serious limitations of LiNb03 waveguides formed by 
Ti-indif fusion in which the extraordinary index (ne) 
changes with exposure to the propagating light. This 
effect, often referred to as laser damage, is known to be 
wavelength dependent with short wavelengths having the 
greatest effect. In the experiments performed here, even 
those involving repeated or extended exposures, no evidence 
of laser damage was observed in the ion implanted 
waveguides at any of the wavelengths used. Unfortunately, 
a sufficiently powerful laser was not available to allow 
the laser damage threshold to be determined.
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CHAPTER 7: ANNEALING AND AGEING RESULTS
7.1 Introduction
The as implanted waveguide structure has a very high 
attenuation due to damage produced in the surface layer as 
the ions pass through. However, as was noted in sec. 1.4, 
this ionisation damage can be removed from the guiding 
layer of a waveguide by post implantation annealing at 
approximately 200°C. Although this process is known to 
reduce attenuation in the guide considerably, no 
quantitative study has yet been reported: Destefanis [7.1]
in his study of the annealing behaviour concentrated on the 
refractive index change.
Consequently, in sec. 7.2 the waveguide properties 
(propagation constant and attenuation) are studied as a 
function of the anneal conditions (temperature and time). 
Preparation of the waveguides on Y-cut LiNb03 was carried 
out using the standard method described in sec. 5.2 except 
that the modified annealing probe (Fig. 3.3, sec. 3.5) was 
used.
In sec. 7.3 the long term stability, which appears to be 
dominated by a room temperature annealing process, is 
studied using the waveguides described in Chapter 5 over a 
period approaching one year. Variations in both 
attenuation and propagation constant with time are 
presented.
In order to avoid the influence of the lithium outdiffusion 
and thus isolate the ion implantation effects, TM (ordinary 
mode) polarisation has been used exclusively throughout 
this chapter. The wavelength of the propagating light was 
chosen as the visible 633nm.
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7.2 Annealing Results
In order to investigate the effect of annealing conditions 
on the optical properties of ion implanted waveguides, a 
number of samples were prepared with implants of 1016 He+ 
cm-2 at 1.5 MeV (sec. 3.3), these values being chosen 
because they produce a relatively low-loss multimoded
waveguide (sec. 5.3) at an energy that can be reliably 
achieved using the available accelerator. After annealing 
at various temperatures and for various times the waveguide 
optical properties - propagation constant (/3/k) (sec. 4.2) 
and attenuation (a) (sec. 4.4) - were measured.
The variation of propagation constant and attenuation with 
anneal temperature (Ta ) are shown in Figs. 7.1 and 7.2 
respectively for the temperature range 150°C < Ta < 300°C. 
A constant anneal time (ta) (Fig. 3.5) of 30 mins. was 
used. Also shown in Fig. 7.1 are the values of h, nf and 
ns determined by fitting an equivalent step index waveguide 
(sec. 2.2) to the values of /3/k obtained experimentally. In 
doing this na is only approximately determined because it 
is limited only by the requirement to fix the number of 
modes and is therefore subject to an uncertainty of
approximately ±0.004. Where two inodes exist (Ta < 200°C) h 
and nf are precisely determined and the uncertainty arises 
from the experimental errors only. However, above 200°C 
where only one mode exists, only one parameter can be fixed 
and it is therefore necessary to make some assumptions in 
order to estimate both h and nf; ns is still constrained 
by the number of modes. The simplest behaviour is for the 
trends exhibited below 200°C to continue monotonically to 
higher temperatures. Thus h continues to decrease and nf 
to rise in a similar manner to ns. The values plotted in 
Fig. 7.1 are based on this assumption.
By comparison of Figs. 7.1 and 7.2 it can be seen that as 
nf increases, indicating a reduction in guiding layer
damage, the attenuation falls due to the resultant
reduction in scattering loss. However, the simultaneous 
reduction in h, which dominates above the attenuation
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Fig. 7.1: Variation of propagation constant (/3/k) with
anneal temperature (Ta ) for waveguides formed 
by implantation of 10*6 He+ cnr2 at 1.5 MeV. 
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minimum at approximately 220°C, results in both the m=l 
mode becoming cutoff and increased leakage into the 
substrate from the m=0 mode producing the observed rapid 
increase in attenuation (cf. sec. 5.3, Fig. 5.2). It is 
therefore suggested that, as Ta increases, the damage layer 
is eroded by regrowth into the crystal from both the 
substrate crystalline region and the slightly damaged 
surface region, but that regrowth procedes more quickly 
from the substrate side resulting in the observed reduction 
in surface layer thickness (h). A schematic diagram of the 
damage profiles which might be obtained after annealing at 
two different temperatures is shown in Fig. 7.3 in which 
the peak of the damage has moved towards the surface (x=0) 
at the higher temperature but (nf-ns) has remained 
approximately constant as suggested by the experimental 
results in Figs. 7.1 and 7.2.
In addition, comparison of the results reported in sec. 5.3 
Figs. 5.1 and 5.2 to Figs. 7.1 and 7.2 indicates that the 
nominal 200°C anneal temperature used with the early 
annealing arrangement (Fig. 3.2) is equivalent to an 
approximate anneal temperature of 185°C using the modified 
probe assembly.
Figs. 7.4 and 7.5 show variation of propagation constant 
and attenuation respectively with the number of anneal 
periods (Na ). Each anneal period consisted of an anneal at 
a constant temperature (Ta) of 200°C for 30 min. (ta) plus 
the associated warm-up and cooling periods as shown in Fig.
3.5. By measuring the sample after each anneal period in 
this way instead of preparing a series of samples annealed 
for different times (ta) the effects of any variations in 
implant conditions were eliminated. The minimum anneal 
time of 30 min. was chosen to be significantly greater than 
the warm-up and cooling times. Also shown in Fig. 7.4 are 
the values of h, nf and ns obtained from the step-index 
model. As before ns is constrained only by the number of 
modes, but, as there are two propagating inodes at each 
value of Na, both h and nf can be accurately determined.
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Fig. 7.4; Propagation constant (/3/Tc) as a function of 
anneal time (Na: see text for definition) for 
the TM modes of a waveguide formed by 
implantation of 1016 He+ cm-2 at 1.5 MeV. (o 
TMq/ x TM*, nf,  ns ).
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The increase in attenuation for both m=0 and m=l between 
Na=l and Na=2 (Fig. 7.5) suggests a reduction in
confinement caused by an increase in ns (Fig. 7.4), but 
between Na=2 and Na=3 a simultaneous increase in nf 
curtails the rise in attenuation because the reduction in 
guiding layer damage reduces scattering loss whilst (nf-ns ) 
remains approximately constant. Above Na=3 there is a 
rapid increase in the m=0 mode attenuation (Fig. 7.5), to a 
greater extent than that of m=l, which suggests a rise in 
guiding layer damage: the m=0 mode attenuation being
particularly sensitive to this because of the concentration 
of its field profile in this area (Fig. 2.4). This 
increase in damage is confirmed by the fall in nf and ns 
(Fig. 7.4), the latter suggesting that the damage is being 
created uniformly throughout the sample rather than being a 
redistribution of the existing implantation damage. By 
considering Figs. 7.4 and 7.5 together it can be inferred 
that the damaged layer anneals slightly more rapidly 
initially but that the guiding layer damage then anneals 
rapidly for intermediate values of Na. At high values of 
Na additional damage is created throughout the LiNbC>3, 
although the mechanism is not apparent from these results.
7.3 Ageing Effects
In order to study the long term stability of ion implanted 
waveguides in LiNb03, the set of samples used in the study 
of the effect of ion energy (Chapter 5, Figs. 5.1 and 5.2) 
were measured again after both 5 and 11 months for 
attenuation and after 11 months for propagation constant. 
The larger interval was necessary in the latter case 
because of the small changes observed. During the periods 
between measurements the waveguides were stored at room 
temperature in air, no special precautions being taken to 
control either the humidity or the temperature.
Even after a period of 11 months the variation observed in 
the values of P/K was small, being approximately equal to 
the random error that may be expected in such measurements
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(sec. 4.3). Nevertheless, by superimposing the results 
obtained after ageing onto Fig. 5.1 a pattern is revealed 
(see Fig. 7.6) which suggests a movement of the m=0 and m=l 
curves towards lower energies. An attempt to predict this 
behaviour using the step index model (sec. 2.2) suggested 
an increase in guiding layer index (nf) at 2.0 MeV and a 
decrease in guiding layer depth (h) at 1.2 MeV, although 
great emphasis should not be placed on these results due to 
the small size of the changes observed.
A clearer trend is observeable from the variations in 
attenuation: In Fig. 7.7 the fundamental (m=0) mode
attenuation is plotted as a function of the time elapsed 
since the implant day. Annealing was carried out just 
prior to the first measurement (the same or previous day). 
A general decrease in attenuation can be seen, with the 
rate of decrease being greater for waveguides formed by low 
energy implants. In each case the gradient decreases with 
increasing time suggesting that a minimum level will 
eventually be reached. Plotting these results as a 
function of He+ energy (Fig. 7.8) reveals an extension of 
the flat part of the curve (a s -5dB/cm) towards lower 
energies (cf. Fig. 5.2) as the period of ageing increases.
Although only two points per curve are available at 2.0 MeV 
due to the small changes observed relative to the 
uncertainty in the measurements, the variation of 
attenuation with ageing cls a function of mode number can be 
seen in Fig. 7.9 showing that the higher order modes are 
not affected to a greater extent and indeed the m=3 mode is 
entirely unaffected.
Taken together the attenuation measurement results suggest 
a gradual annealing of guiding layer damage thus reducing 
scattering loss, particularly for the lower order inodes 
whose energy is concentrated near the centre of this layer 
(Fig. 2.4). This reduction in guiding layer damage has
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less effect at high He+ energies because it may be supposed 
that the guiding layer damage is concentrated more towards 
the damaged layer where less energy travels in deep 
waveguides. A rise in guiding layer index is therefore 
indicated which is in agreement with the change in nf 
suggested by the /3/k measurements at 2.0 MeV (Fig. 7.6). 
However, the decrease in h suggested at 1.2 MeV would not 
normally be expected to result in a decrease in attenuation 
as increased leakage loss should occur. A more complex 
combination of changes may therefore be present which is 
not clearly defined by these results alone.
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CHAPTER 8: THE EFFECT OF IMFIANT TEMPERATURE
8.1 Introduction
During the experiments described in Chapter 5 it became 
apparent that variations in sample temperature during 
implantation could significantly affect waveguide 
properties [8.1]. These variations were therefore 
minimised using the method described in sec. 3.4. In 
addition, Destefanis [8.2] has noted that for implants 
performed at temperatures above 150°C the maximum 
achieveable refractive index change is significantly 
reduced.
These results suggest a further method for controlling the 
damage profile and hence optimising the waveguide 
properties. Therefore, the effects of varying the sample 
temperature are investigated in this Chapter.
8.2 Experimental Procedure
In order to carry out this investigation it was necessary 
to procure and commission an implantation stage with 
controllable temperature. A schematic diagram of this is 
shown in Fig. 8.1. For engineering reasons a temperature 
range from liquid nitrogen to 200°C was specified, although 
in practice ±120 °C was the maximum attained. The 
temperature stability of ±1°C was obtained by balancing the 
heater output against the cooling effect of the nitrogen 
gas, this being done automatically by the temperature 
controller.
In other respects waveguide fabrication was carried out in 
a similar manner to that described in Chapter 6 in that 
Y-cut, X-propagating LiHb03 was inplanted with 1016 He+ 
cm-2 at 1.5 MeV. Annealing was for 30 minutes at 200QC in 
a flowing oxygen atmosphere using the modified probe 
assembly (sec. 3.5).
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Fig. 8.1s Temperature controlled implantation stage.
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Measurements of propagation constant and attenuation were 
then performed as described in Chapter 4, with both TM 
(ordinary mode) and TE (extraordinary mode) polarisations 
being studied.
8.3 Results and Discussion
The variations with implant temperature of the propagation 
constants (/3/k) and attenuations (a) of the TM inodes are 
shown in Figs. 8.2 and 8.3 respectively. Also included in 
Fig. 8.2 are the film (nf) and substrate (ns) indices of 
equivalent step-index waveguides calculated using the ray 
model (sec. 2.2). As in previous cases where only two 
modes are supported, ns is less well defined, being 
principally limited by the number of modes. In addition, 
because of the mode spacing, no single value of the film 
height h will fit all the results: a range from 2.1 to 
2.7pm is necessary (Fig. 8.2). Both the propagation 
constant and attenuation curves appear oscillatory in form 
and on their own provide little indication of the 
underlying mechanisms. Nevertheless, by taking Figs. 8.2 
and 8.3 together some conclusions can be drawn.
Firstly, Fig. 8.3 shows a peak in the fundamental mode 
attenuation near -30°C with minima on either side at 
approximately -90°C and +90°C, the latter being slightly 
lower. The TMi mode attenuation behaves similarly except 
that it is cutoff above 70°C (cf. Fig. 7.2), this 
justifying the increase in ns shown in Fig. 8.2 for implant 
temperatures greater than 70°C. Taken together with the 
increase in nf, which suggests a reduction in guiding layer 
damage, the fall to a minimum in the attenuation for 
temperatures above ambient indicates a gradual 
self-annealing of the damage during implantation. Indeed, 
the corresponding decrease in h suggests a change in the 
damage profile similar to that proposed in Fig. 7.3. As 
Destefanis [8.2] has noted, this process may be expected to 
continue with increasing rapidity above 150°C until no 
damage is created above 300°C.
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For temperatures between -80°C and 20°C the trends in nf 
and h are reversed with nf decreasing and h increasing with 
rising temperature (Fig. 8.2). This suggests that the
maximum level of guiding layer damage occurs at room
temperature. These changes in nf and h are explained in 
terms of a gradual steepening of the guiding layer/damage 
layer interface causing the "centre of gravity” of the 
interface to move nearer to the surface. This is shown in 
Fig. 8.4.
It may be expected that the maximum attenuation will
coincide with the maximum guiding layer damage. That it 
does not (Figs. 8.2 and 8.3) suggests that another
mechanism is dominating the loss process. It is proposed 
that the characteristic feature size of the damage is 
temperature dependent, reaching a maximum near -30°C. Below 
this temperature the agglomeration of defects into larger 
clusters is restricted by low diffusion rates while at 
higher temperatures cluster growth is limited by
self-annealing [8.3]. The number of defect clusters 
reaching a size large enough for strong scattering at 
visible wavelengths is therefore greatest near -30°C, thus 
accounting for the attenuation maximum at this temperature. 
Observations made during waveguide fabrication lend some 
support to this hypothesis in that whereas a slight colour 
change is usually observed - the LiNb03 turning slightly 
grey during inplantation and slightly brown during 
annealing - the change is visibly greater at -30°C showing 
the presence of a large number of scattering centres.
Finally, at very low temperatures (<-100°C) migration of
defects is so restricted that the damaged layer/guiding 
layer interface is not steepened, resulting in the lower 
value of nf, and higher h and a.
Turning now to the TE mode results (Figs. 8.5 and 8.6) it 
can be seen that only a single mode is supported throughout 
the temperature range investigated. In order to estimate 
the values of nf using the ray model it is therefore 
necessary to make some assumptions regarding the film
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height (h). In Fig. 8.5 h has been taken to have the same 
values as for TM polarisation (Fig. 8.2) although these 
values are probably an overestimate because of the effects 
of lithium outdiffusion discussed below. If such is the 
case then the values of nf given in Fig. 8.5 will be 
slightly low. It is however, clear that the values of /3/k 
and nf remain significantly above the extraordinary index 
(ne) irrespective of implant temperature. Given that this 
increase in guiding layer index is due to stoichiometric 
changes involving lithium outdiffusion, these results 
suggest that the energy necessary to release the lithium 
from the crystal lattice is supplied by collisions during 
implantation and is not, at least predominantly, a thermal 
process.
In other respects the TE mode results appear similar in 
form to those for TM polarisation. The equivalent 
substrate index (ns ) (Fig. 8.5) is again limited by the
number of modes but is assumed to behave similarly to that 
for TM polarisation (Fig. 8.2) because the damage profile 
is the same, the difference in index changes arising in the 
relations between damage and refractive index [8.2].
The propagation constant and attenuation curves are also 
similar for the two polarisations, except that those for 
the TE modes are shifted slightly to higher temperatures: 
for instance, the maximum TE© mode attenuation occurs at 
approximately -10°C compared to -30°C for the TMo peak. It 
is suggested that these shifts are due to the effect of the 
lithium outdiffusion in modifying the modal field profile, 
concentrating it nearer the surface where changes in the 
damage profile have less effect. Thus a higher 
temperature, and hence larger change in the damage profile, 
is required to produce an equivalent effect for TE modes in 
comparison with TM modes. Such a change in field profile 
will have the effect of reducing the value of h for the 
equivalent step-index guide, as suggested above.
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CHAPTER 9: CONCLUSION
9.1 Summary and Discussion
Earlier in this thesis the results presented were discussed 
in terms of their relation to the material properties, 
particularly ion damage and diffusion processes. It was 
therefore possible to infer that the ordinary (TM) mode 
properties are determined solely by ion damage effects
[9.1] which reduce n© by a combination of reduced 
electronic polarisation and volume dilation [9.2]. The 
comparatively small refractive index change of 
approximately -1.5% (Fig. 5.4) used for waveguides 
coincides with what Gotz and Karge [9.2] call the predamage 
stage in which the damage is mainly characterised by point 
defects and the refractive index change is mostly due to 
reduced electronic polarisation [9.3],
The damage profiles of these waveguides have not been 
directly measured (e.g. by using Rutherford backscattering 
(RBS) [9.4]) but certain inferences can be made from the 
optical results because of the almost linear relation
between damage and refractive index change in this region
[9.2]. Thus Chandler et al [9.5] have calculated
refractive index profiles from the mode profiles of a 
number of He+ implanted LiNb03 waveguides from which it can 
be seen that the damage is concentrated in a buried layer 
but that the "tail” of the damage profile extends to the 
surface. This is in agreement with the results presented 
here where the low values of nf for the equivalent
step-index waveguides (sec. 5.3) indicate the presence of 
guiding layer damage.
However, there is an apparent discrepancy in the number of 
modes supported by a waveguide formed with a given ion 
energy and dose between the results presented in section
5.3 [9.1], those of Gotz and Karge [9.2], and those of 
Destefanis et al [9.6], Thus the 1.5 MeV, 8xl015 cm-2
116
waveguide reported in [9.2 Fig. 14b] supports 3 TM inodes 
compared to 2 here (Fig. 5.4), and the 1.0 MeV, 1016 cm-2 
waveguide reported in [9.6 table 1] supports 3 TM inodes 
compared to 1 here (Fig. 5.1). Possible explanations for 
this disagreement are (a) that the additional inodes are
leaky and therefore of extremely high attenuation 
(»-50dB/cm) making them impossible to detect using two
separated prisms, or (b) that some aspect of the 
fabrication process is significantly at variance between 
groups. The most likely parameter is thought to be the ion 
beam current density, variation of which may be expected to 
affect the self-annealing of the damage during implantation 
(sec. 8.3). As no published work is available relating 
either waveguide optical properties or damage effects to
ion beam current density, this is a suitable area for
further investigation.
The limited number of modes supported by the majority of 
waveguides described in Chapters 5 to 8 precludes the use 
of techniques such as that used by Chandler et al [9.5] to 
determine the refractive index profiles of the waveguides. 
However, much additional information can be derived from 
variations in attenuation, this having been found to be 
particularly sensitive to a number of fabrication process 
parameters. The differing sensitivity of different modes 
to damage in particular areas of the waveguide - due to the 
field distribution in their mode profiles - has therefore 
been used to enhance the qualitative picture of the 
refractive index profiles. This has led to predictions of 
changes in both the damage profile and the characteristic 
damage feature size (sec. 8.3) which would not have been 
possible from the /3/k values alone.
What has therefore become clear from the ordinary (TM) mode 
results is that the ion damage is particularly sensitive to 
thermal annealing processes occurring at all stages of 
fabrication and afterwards (ageing). Indeed it may be said 
that it is these which mould the damage into the final 
waveguide form. Thus the "hump" in the /3/k curve (Fig.
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5.1) is an inplant temperature effect as it was between 1.2 
and 1.5 MeV that an extra cooling period (sec. 3.4) was 
added to restrict temperature rises during inplantation.
The most significant difference between TE and TM mode 
behaviour, which has been observed whenever comparison 
between polarisations has been made, is the increase in 
guiding layer index for TE polarisation indicated by the 
extraordinary mode propagation constants being greater than 
ne. This is not observed for TM polarisation where the 
guiding layer index is reduced below n© by near surface 
damage. Similar results have also been obtained by 
Destefanis et al [9.6] although no explanation was given.
In sec. 5.4 it was suggested that the increase in guiding 
layer index is attributable to a change in stoichiometry 
resulting from lithium outdiffusion. From work with bulk 
material [9.7] this is known to affect ne selectively. 
Although no direct measurement of the lithium profile is 
available, refractive index profiles based on surface 
reflectivity measurements [9.8, 9.9] have been described
very well in terms of a diffusion model with the lithium
loss being thought to occur as Li20 evaporation at the
surface. Due to the comparatively low tenperature used in 
the implantation process, the energy for this evaporation 
is assumed to be provided by the He+ ions. The confinement 
of the effects to the near surface region (<1.0 MeV Be+ or 
<2.0/im. Fig. 5.9) and their independence of implant
tenperature (lithium outdiffused waveguides are normally 
formed at temperatures in excess of 1000°C so implant 
tenperature variations in the range ±100°C are unlikely to 
have a significant effect) add further support to this
hypothesis.
Nevertheless a direct measurement of the lithium profile is 
considered necessary for a full understanding of these 
waveguides, particularly as it may be the lithium 
deficiency which is responsible for the lack of observable 
laser damage (sec. 6.3) [9.10].
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Many of the other results obtained for TE polarisation 
(extraordinary inodes) can be seen to exhibit similar trends 
to those exhibited by the ordinary inodes, although the 
positions of particular features such as maxima or minima 
do not coincide exactly with those of their ordinary mode 
counterparts. Typical examples are the variations of 
attenuation with dose (Figs. 5.5 and 5.10) and of 
propagation constant and attenuation with inplant 
temperature (Figs. 8.2, 8.3, 8.5 and 8.6). As these
experiments were conducted using comparatively deep 
waveguides formed with 1.5 MeV He+ ions which are less 
susceptible to surface effects such as lithium 
outdiffusion, the differences which occur are due to a 
combination of the lower refractive index change produced 
by ion damage in ne [9.6] and the surface outdiffusion.
To summarise the processes involved, it can be said that 
the implanted He+ ions create a damaged layer at a depth 
below the LiNb03 surface determined principally by the ion 
energy. The degree of damage and hence the refractive 
index of this layer are determined by the ion dose which 
also influences the shape of the damage profile and the 
extent to which it spreads towards the crystal surface 
- that is, into the guiding layer. The majority of the ion 
energy is lost in electronic collisions in the near surface 
region, probably providing the energy required for lithium 
outdiffusion. Thermal annealing, both during implantation 
and afterwards, allows defects to migrate to form clusters 
whose size is temperature dependent, and also alters the 
damage profile. This process continues for at least a year 
after inplantation. These changes in damage and hence 
refractive index profiles often result in a change in 
waveguide depth from that predicted by the ion energy 
alone.
It can therefore be seen that the formation of an ion 
implanted optical waveguide in LiNb03 involves the complex 
interaction of a considerable number of variables, roost of 
which are not independent. The choice of the optimum 
process parameter values may not therefore be entirely
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straight forward, and consequently suggestions for further 
investigation along this line have been included in sec.
9.2 as in this work only one parameter has been allowed to 
vary in each experiment.
9.2 Fixture Work
Many but not all of the fabrication process parameters 
likely to significantly affect the optical properties of 
ion inplanted LiNb03 waveguides have been examined in this 
work. Two that have not are the effect of multiple 
implants in increasing the damage layer thickness, and the 
effect of ion beam current density. The former may be 
expected to reduce leakage into the substrate, while 
increasing the beam current may result in reduced guiding 
layer, damage by annealing the near surface region. A 
further unanswered question relates to the independence of 
the effects of the various parameters: that is, does the
optimum anneal temperature, for instance, vary with ion 
energy or implant temperature? And will these depend on 
material orientation? It therefore remains to determine 
the optimum set of conditions to produce the best single 
mode low-loss waveguide.
To extend our understanding of the mechanisms involved in 
determining the optical properties of these waveguides, a 
greater knowledge of the damage characteristics and their 
profile is required. While some work has been published on 
these aspects [9.2, 9.6] it was mainly carried out in
surface layers rather than the buried layer used to form a 
waveguide. Thus the damage "tail” which extends into the 
guiding layer has not been characterised. Combined with 
this work should be an attempt to characterise and better 
understand the lithium outdiffusion process which has such 
a large effect on the extraordinary mode properties.
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The future of ion implantation as a technique for 
fabricating integrated optical waveguides will ultimately 
depend on the performance of more complex devices 
constructed with them as a basis. These devices - stripe 
waveguides, couplers, modulators etc. - must be shown to 
operate at least as effectively as those formed using other 
waveguide fabrication processes and should ideally exhibit 
some definite advantage. One possible area where ion 
implanted waveguides may perform significantly better is in 
resistance to laser damage (sec. 6.3) and consequently 
experiments should be performed at the earliest opportunity 
to determine their laser damage threshold.
It is likely however, that ion implantation will be shown 
to hold certain advantages over other techniques, but also 
certain disadvantages. Therefore the combination of ion 
implantation with other techniques to exploit their 
individual advantages should also be considered. For 
example the high refractive index change achievable in near 
surface layers using implantation may prove particularly 
useful for "reinforcing" the walls of stripe waveguides at 
bends. This type of combination is likely to be one of the 
later applications to be investigated, relying as it does 
on a full appreciation of the relative merits of the 
various techniques.
9.3 Conclusion
A review of published work on the subject of optical 
waveguides formed by ion implantation in LiNb03 and the 
associated work on the effects of ion damage on the 
refractive indices of this material has been presented 
revealing a lack of work on the influence of the 
fabrication process parameters on the waveguide optical 
properties. Consideration of the optical measurement
techniques available led to the choice of modal propagation
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constant and modal attenuation as the optical properties to 
be studied, both of which can be measured using the prism 
coupler.
Results have been presented showing that ordinary mode 
attenuation decreases with increasing ion energy, whilst 
the number of propagating modes supported increases. 
Extraordinary mode behaviour is modified by the effects of 
lithium outdiffusion, particularly at lower ion energies 
(<1.0 MeV), and the number of modes supported is lower 
because of the smaller refractive index change observed in 
ne due to ion damage. As a function of ion dose a minimum 
in attenuation is observed for both polarisations
- s=l. 2x1016 He+ cm-2 for TM and ~8xl0l5 He+ cm-2 for TE
- and the number of inodes supported increases with dose as 
the refractive indices of the damaged layer continue to be 
reduced. It has been shown that these results are 
dependent on the temperature at which the implantation is 
performed with optical attenuation being particularly 
sensitive, exhibiting a peak at temperatures between -10 
and -30°C. Lowest attenuations were obtained at higher 
temperatures: «90°C for TM and >110°C for TE polarisations.
Following implantation, the waveguide fabrication process 
requires the removal of surface layer damage by annealing 
at approximately 200°C. Results have been presented 
showing that there is an optimum anneal temperature 
required to produce the minimum attenuation: -approximately 
220°C for the case studied. Additionally, results have 
been presented showing the variation of the optical 
properties with the wavelength of propagation and with time 
after implantation (ageing). For an equivalent waveguide 
(i.e. constant h/X ratio) the attenuation has been shown to 
decrease with wavelength for both polarisations, and for a 
given waveguide to decrease with tine, the latter showing 
the limited stability of the ion damage.
From the results obtained experimentally and comparison 
with theoretical models which have been described, 
conclusions have been drawn regarding the behaviour and
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characteristics of the damage and refractive index profiles 
together with, in the extraordinary mode case, the 
refractive index profile due to lithium outdiffusion. It 
was thus suggested that both the distribution of the damage 
and its characteristic feature size are sensitive to 
thermal effects, during both implantation and annealing, 
and that the outdif fusion was concentrated near the surface 
of the LiNb03.
From a device standpoint the lowest attenuation achieved in 
a single mode waveguide was -1.4 dB/cm for TMq and -1.0 
dB/cm for TEq , although the results suggest that by 
choosing the optimum conditions from each set of results 
these values can be considerably reduced. Some suggestions 
for future study have been made in this direction.
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